Disentangling how communities of soil organisms are deterministically structured by 17 abiotic and biotic factors is of utmost relevance, and few data sets on co-occurrence 18 patterns exist in soil ecology compared to other disciplines. In this study, we assessed 19 species spatial co-occurrence and niche overlap together with the heterogeneity of 20 selected soil properties in a gallery forest (GF) of the Colombian Llanos. We used 21 null-model analysis to test for non-random patterns of species co-occurrence and body 22 size in assemblages of earthworms and whether the pattern observed was the result of 23 environmental heterogeneity or biotic processes structuring the community at small 24 scales by means of co-inertia analysis (CoIA). The results showed that earthworm 25 species co-occurred more frequently than expected by chance at short distances, and 26
size in assemblages of earthworms and whether the pattern observed was the result of 23 environmental heterogeneity or biotic processes structuring the community at small 24 scales by means of co-inertia analysis (CoIA). The results showed that earthworm 25 species co-occurred more frequently than expected by chance at short distances, and 26
CoIA highlighted a significant specific relationship between earthworm species and 27 soil variables. The effect of soil environmental heterogeneity on one litter-feeding 28 species but also the impact of soil-feeding species on soil physical properties was 29 revealed. Correlogram analysis on the first axis extracted in the CoIA showed the 30 scale of the common structure shared by the fauna and soil variable tables. The 31 earthworm community was not deterministically structured by competition and co-32
Introduction

40
Whether the spatial distribution of soil organisms is the result of abiotic or biotic 41 processes or both is a key topic in soil ecology studies. Community assembly rules 42 (Diamond 1975 ) rely on species interactions, mainly competition, and habitat 43 constraints as factors generating predictable community patterns, and imply that a 44 series of abiotic and biotic filters select species out of a regional pool (Weiher and 45 Keddy 1999). Besides, species traits determine the response to environmental 46 constraints as these act as filters and determine species assemblages' at different 47 scales (Dunson and Travis 1991; Belyea and Lancaster 1999) . Consequently, non-48 random spatial organization of species' assemblage involves the existence of at least 49 one structuring factor, e.g. inter-specific competition and/or habitat constraints, while 50 random species patterns could be interpreted as the joint action of contrasting factors, 51 or stochasticity. 52
The spatial patterning of soil organisms is shown to be generally clumped, with 53 alternation of high-and low-density population patches ranging from small to larger 54 scales, i.e. several cm to tens of metres (Albrecht and Gotelli 2001; Jiménez et al. 55 scales, as previously reported in the natural savannas of this region (Jiménez et al. 88 2006; Decaëns et al. 2009 ). 89
Materials and methods
90
Study site 91
Fieldwork was carried out at the CORPOICA-CIAT Carimagua research station in the 92 well-drained isohyperthermic savannas of the Eastern Plains ("Llanos were dug out to retrieve earthworms. The number of individuals for each species was 118 annotated and earthworms were released back in the soil. Earthworms were at their 119 maximal activity period by the time where sampling was conducted, and density of 120 the anecic Martiodrilus sp. was estimated by counting the number of fresh casts 121 deposited in the soil surface which was shown to be a reliable procedure (Jiménez et 122 al. 1998 ). Litter was hand sorted prior to pit excavation and conserved in plastic bags 123 until drying at 105°C for 48 h to calculate litter biomass. 124
In each of the 100 sampling points, four soil cores were taken at the four sides of the 125 pit: 126 battery methods developed by Tucker (1958) , is an accepted flexible multivariate 158 ordination method for examining the association between two data matrices (see 159 Dolédec and Chessel 1994; Dray et al. 2003) and to search for the relationships 160 between species and environmental variables (Moreti and Legg 2009). CoIA aims at 161 exploring the common structure of two tables that share the same rows, i.e. study 162 objects, sampling points. One advantage of the CoIA is that it also enables the 163 linkage between tables having quite different numbers of variables, species and/or 164 samples. CoIA allows standard analysis like CA and PCA to be connected following 165 any transformation of the data set (row weighted option is recommended) (Dolédec 166 and Chessel 1994). The output of a CoIA from CA and PCA is very similar to 167 canonical correspondence analysis (CCA) (Ter Braak 1986) and the two approaches 168 aim to find a site score that is a linear combination of environmental variables 169 maximizing the variance of species centroid (i.e., separation of species niches). The 170 CCA is sometimes recommended, although CoIA avoids the multicolinearity 171 problem associated with CCA, in addition to its simplicity and robustness for 172 matching two tables (Dolédec and Chessel 1994) . When variables are correlated, i.e. 173 concentrations of C, N and C:N ratio, CCA becomes unstable and CoIA is 174 appropriate (Dray et al. 2003) . Detrended correspondence analysis (DCA) has been 175 suggested instead to remove the arch (horseshoe) effect; however, when CoIA is 176 performed on faunistic and environmental data the arch effect is removed because the 177 likely arch structure of the faunistic table has no equivalent to the structure of the 178 environmental data (Dolédec and Chessel 1994) . The statistical significance of thepoints we consider the output of the CoIA as spatial co-structure. However, while the 182
CoIA reveals patterns of co-variation between soil fauna and soil physico-chemical 183 environment, it does not explicitly account or test for the presence of a spatial 184 structure and its scale. We examined this feature by computing the Moran's 185 autocorrelation index (Sokal and Oden 1978; Rossi 1997 ). Positive and negative 186 sample scores of the first two axes extracted in the CoIA were used to describe 187 common local structures of both data matrices (Thiolouse et al. 1995) . This allowed 188 us to assess the degree of autocorrelation of the co-structure between soil variables 189 and fauna data. 190
For the computation of the correlogram data were allocated to 11 distance classes 191 for convenience and a minimum of 50 pairs of points were used for each distance 192
class. The overall statistical significance of the correlogram was performed with a 193
Bonferroni corrected probability procedure. The corrected p* was '= /k, with k the 194 number of distance classes and <0.05 the global significance level (Oden 1984) . 195
The correlogram is statistically significant when at least one coefficient is significant 196 at the corrected p* of 0.05/11 = 0.0045 (Cooper 1968 other (Diamond 1975 ). Compared to randomly assembled, those competitively 210 structured communities should contain fewer species combinations, more 211 checkerboard pairs and higher C-score than expected by chance (EBC) (Gotelli and 212 McCabe 2002). In our study, we tested if the relative spatial arrangement of species 213 during the period of maximal earthworm activity presented less species co-occurrence 214 than EBC (Gotelli 2000) . The C-score index (Stone and Roberts 1990 ) was computed 215 to analyze earthworm co-occurrence pattern in a presence/absence data matrix and 216 also by using the row scores of the first axis extracted in the CA, explaining the 217 maximal variance, that were later converted in a presence/absence data matrix. The C-218 score index is based on the average co-occurrence of all species pairs, and measures 219 the checkerboard pattern of species' and/or species assemblages' mutual exclusion. It 220 was used because of its statistical power and non-proclivity to Type I error (Gotelli 221 2000) . 222
A Monte Carlo null model simulation was used to randomize the species matrix 223 with the swapping algorithm, i.e., the original matrix was shuffled repeatedly with 224 random submatrices (Stone and Roberts 1990; Manly 1995) . The observed index 225 value was calculated and compared to 10,000 null communities that were randomly 226 assembled. Because the co-occurrence tests are very sensitive to variation in species 227 occurrence frequencies, row totals should be preserved as a constraint in the null 228 model (Gotelli 2000) . We selected three algorithms to compute the C-score for the 229 tests that were related to the questions asked: 230 (a) Fixed-equiprobable, where species occurrence totals are fixed (rows) and all sites 231 (columns) are equiprobable, recommended for analysing 'sample lists' (Gotelli 2000) . 232 b) Fixed-fixed, where both species occurrence totals and sites' species numbers are 233 maintained, so the random community contains the same number of species as the 234 original community and each species occurs in the same frequency (Connor and 235 Simberloff 1979) . This model has more statistical power than the equiprobable model 236 (Ulrich and Gotelli 2007) . 237 c) Fixed-proportional, where species occurrence totals (rows) are fixed and sites differ 238 in suitability. This algorithm is a hybrid between the first two, and it may cause the 239 null hypothesis to be incorrectly rejected when using the C-score (Gotelli 2000) . 240
The V-ratio index was also computed as a measure of the variability in the number 241 of species present in each sampling point. The computation of the V-ratio with the 242 first two algorithms is useful for determining if the number of co-occurring species is 243 constrained by species interactions, and equals zero if there is the same number of 244 species per site (Gotelli 2000) . 245
Finally, the standardized effect size (SES) was calculated to quantify the direction 246 and degree of deviation from the null model. This is a Z-transformed score (Z= assemblages and compared with a null model (10,000 simulations). This procedure 298 over-estimates the actual value of the niche overlap index in opposition to the product 299 which underestimates the total O jk index (Pianka 1973 (Pianka , 1974 . In a community shaped 300 by competition, niche overlap in a given assemblage should be lower than EBC for 301 the considered niche dimension. We used a randomization algorithm that retains the 302 niche breadth of each species, but randomizes which particular resource states are 303 utilized (RA3 in Albrecht and Gotelli 2001) . It corresponds to a simple reshuffling of 304 each row of the matrix that assumes all the different resource states to be equally 305 abundant (or usable) by all species. 306
We tested if species of the community showed patterns limiting biometric 307 similarity for the five morphological traits that were used in the niche overlap 308 analysis. For each trait the minimum segment length (MSL) and its variance ( 
Results
347
In the GF seven unclassified (Jiménez, unpublished) earthworm species were found 348 (Table 1) , with some of them being present in the natural savanna. A total number of 349 688 earthworms were recorded and identified. 350
Identification of species assemblages 351
Eigenvalues (Fig. 1A) observed for soil-feeding species in axis 2. Lastly, axis 3 (Fig. 1C) separated  360 Martiodrilus, new genus 2 and Glossodrilus (CA3+) from new genus 1, Aymara and 361
Andiodrilus (CA3-). 362
Environmental heterogeneity as driving factor of species pattern 363
Total inertia explained by the first two axes of PCA was 43.4% (not shown). The first 364 two axes of the CoIA (Fig. 2a) explained 81.8% of the total variability (P<0.0001; 365
Monte Carlo randomization test). Axis I (64.1% of total inertia) was referred to as the 366 soil physical environment and separated sampling points where resistance to 367 penetration, proneness to compaction, bulk density and very large aggregates (>10 368 mm size) had high values, in opposition to sampling points with large proportion ofsoil aggregates <5 mm. Axis II (17.7% of total inertia) basically indicated the 370 concentration of C, N and P in the 0-5 cm soil layer, i.e., the soil organic matter in the 371 topsoil. Coarse root length (CoRL) and fine root length (FiRL) were correlated with 372 1-2 and 2-5 mm, and <1 mm aggregates, respectively (Fig. 2b) . Species projection in 373 the factorial plan formed by the first two axis of the CoIA clearly highlighted a strong 374 correlation between the topsoil concentrations of C and N and to a lesser extent P and 375 the presence of new genus 1, whereas Andiodrilus sp. was linked to those sampling 376 points where soil bulk density (BD) and compaction were high (Fig. 2c) . Summary 377 statistics of soil variables analysed are listed in Table A1 (supplementary material  378 Appendix 1). 379
Species spatial co-structure with soil variables 380
In the CoIA a cross matrix containing the maximal covariance between species 381 abundance and environmental variables is computed. The correlograms computed 382 with the row scores upon the first two axes of the CoIA were significant at various lag 383 distances (Fig. 3a, b) . Significant positive and negative autocorrelation was observed 384 at short (between 7 and 16 m) and at higher (>40 m) distances, respectively, for axis I. 385
The computation of Moran's I index with the row scores of soil variable data matrix 386 onto the CoIA axes highlighted the same spatial pattern of the co-structure.
cases, indicating that earthworm species and assemblages were not competitively 394
structured. 395
With regards to trophic and spatial niche dimensions, the O jk niche overlap index 396 was higher than the simulated values in all cases (Table 3 ). The average community 397 O jk index for trophic and spatial resources was 0.800 and 0.698, respectively. The 398 average SES was significantly higher than 2 except for litter, soil compaction, bulk 399 density, aggregates <0.25 mm, and aggregates ranging from 2 to 5 mm. Average 400 niche overlap for biometric traits was also higher than EBC, and the average SES was 401 also significantly higher than 2. 402
In general, the observed O jk indexes for trophic and spatial resources of species 403 assemblages identified in the three axes extracted from the CA were significantly 404 higher than the simulated values for many variables related to trophic and spatial 405 niche dimensions (supplementary material Appendix 1, Table A2 ), indicating that 406 earthworm assemblages were not competitively structured. Non-significant values of 407 the index were only found in assemblages CA1+, CA2-and CA3+ for some trophic-408 and spatial-related niche variables. 409
Finally, a random pattern was detected in body size overlap. Body size 410 distribution analysis indicated that the earthworm community of the GF tended to 411 under-dispersed spacing in the biometric variables. Average MSL tended to be lower 412 than EBC, except for body length where MSL was higher than EBC (Table 4) . 413
However, the corresponding average SES values were not significant. The observed 414 value of MSL was lower than the simulated value only for body diameter and the 415 corresponding average SES was significantly lower than zero. Average VarSL was influence the observed structure of soil communities (Ellwood et al. 2009 ). In our 503 study, we were not able to conclude that the observed earthworm spatial co-504 occurrence is the result of stochastic process or species interaction where 505 deterministic assembly rules operate. 506
In earthworm communities negative interactions prevail likely as a result of 507 resource competition, which is related to the degree of niche overlap (Uvarov 2009 ). 508
In our study, the results of niche partitioning and body size overlap indicated that the 509 earthworm community was not shaped by competition in the GF, and that other 510 factors influenced species co-occurrence at small scales, like differential resource use 511 among species. Regular spacing of body size has been revealed for different groups 512 of organisms like ground beetles (Brandl and Topp 1985) , hoverflies (Gilbert et al. and also for spatial resources by selecting areas with optimal soil conditions for their 536 survival and reproductive strategies (Barot et al. 2007 ). Niche overlap in earthwormsdynamics and average vertical distribution . No general rule 539 seems to exist and the results obtained in the different studies to date are species-540 specific and site-and sampling-strategy dependant. 541
Conclusions
542
In the earthworm community of the GF we observed that earthworm co-occurrence 543 was shaped by soil environmental heterogeneity at small scales. However, our aim 544 was to unveil the spatial co-structure between earthworm assemblages (group of 545 species) and soil variability. Spatially explicit statistical tools in combination with 546 null-model analysis of co-occurrence and the use of factorial axes extracted from 547
CoIA highlighted that earthworm community presented a significant spatial pattern 548 that was linked to environmental heterogeneity at scales ranging from 7-16 m 549 CA was not high, the two species assemblages resulting from the first axis extracted 564 in the CA showed a higher C-score than EBC at small scales. It could indicate the 565 presence of biotic interaction (competition process) ( Table 2) . 566
The scale used to address earthworm co-occurrence could influence our insight of 567 the spatial patterns and assembly structuring forces found in the community. More empirical studies on spatial co-occurrence of soil communities are essential to 576 identify patterns of co-occurrence of competing species at small scales. How species 577 assemblages relate with soil abiotic factors and interact between them at small scales 578 is a key topic for further research. 579
Acknowledgements
580
Local names for tree species of the gallery forest are those specifically used in the region. 2 It refers to a worm with characteristics of anecic (antero-dorsal pigmentation) and endogeic (horizontal burrows digging).
3 Average biometric data for adults (fixed specimens in 4% formalin solution); g.f.w. = grams fresh weight (gut content included). 
NC = Not classified
